Abstract-Many surgical procedures are now performed using the techniques of minimally invasive surgery (MIS), in which unnecessary trauma is limited by reducing the size of incisions to less than about 1 cm or by using catheters or endoscopes threaded through vessels, the gastrointestinal tract, or other tubular structures. Micromechatronic technologies have great potential to allow access to regions now inaccessible, or to enhance the surgeon's abilities in applications where current minimally invasive techniques do not permit the full range of human dexterity and perception. Key needs and applications in MIS are identified, and relevant technologies, methods, and systems issues in mechatronics are discussed. The authors' millirobotic system for MIS of the abdomen is used as an example.
I. INTRODUCTION
T RADITIONAL surgery requires an incision large enough for the surgeon to see directly and place his or her fingers and instruments directly into the target operating site. Most often, the damage done to skin, muscle, connective tissue, and bone to reach the region of interest causes much greater injury than the curative procedure itself. This results in more pain to the patient, longer recovery times, and complications due to surgical trauma. The accelerating trend is toward minimally invasive surgery (MIS), in which unnecessary trauma is limited by reducing the size of incisions to less than about 1 cm or by using catheters or endoscopes threaded through vessels, the gastrointestinal tract, or other tubular structures. Micromechatronic technologies have great potential to allow access to regions now inaccessible, or to enhance the surgeon's abilities in applications where current minimally invasive techniques do not permit the full range of human dexterity and perception. In addition, they can even extend the surgeon's capability over great distances, via telesurgery.
Good reviews have been published of robotic and mechatronic applications in medicine and surgery [1] - [3] . None has covered the breadth of technologies and applications in MIS, however. Despite the wide variety of anatomy in which MIS can be used and the range of actuators and sensors that might be applied, all applications share the goal of extending the surgeon's ability to perceive and act. Consequently, this paper will attempt to unify the field of micromechatronics for MIS by treating surgery as a human interface problem and show how technology can improve the patient's health by enhancing the surgeon's performance. The range of precision necessary for MIS applications varies from a few microns to about a millimeter. Macro-scale manipulators capable of very fine resolution in position or force will also be covered in this paper, when they share common principles of actuation with micro-scale manipulators or when both scales are necessary for an application. Imageguided applications, in which previously obtained data from modalities such as magnetic resonance imaging (MRI) or computed tomography (CT) are registered with the current patient position, will not be discussed in detail, because they can usually be performed with large-scale robots and with minimal human interaction during the procedure. Many excellent reviews of such applications exist (e.g., [3] ). This paper will begin by identifying some of the general needs for improved access and remote surgery. Existing and potential applications will be described. Technologies and methods for actuation, sensing, display, and control are covered individually in greater detail. Finally, systems issues, including cost and safety, will be summarized. Throughout, the authors' millirobotic system for MIS of the abdomen will be used as an example.
II. NEEDS

A. Improved Access
The major advantages of MIS include reduced trauma, less pain, and shorter recovery times for the patient. The other side of MIS, unfortunately, is that, from the surgeon's point of view, it is minimal access surgery. Reduced access reduces dexterity, limits perception, increases strain and the likelihood of error, and lengthens procedure time. Micromechatronics has the potential to improve accessibility in MIS.
1) Dexterity Enhancement: Although the human hand is amazing in its capabilities, there are procedures in microsurgery at or beyond the limits of its position resolution, especially when tremor is significant because of fatigue, stress, or caffeine [4] . Reconstruction of vessels and nerves to repair an injured limb or digit is a slow process, requiring constant attention and fine motions. Fatigue could be reduced with teleoperated systems, in which the surgeon's motions are scaled down and the interaction forces at the micromanipulator tip are scaled up in force-reflecting teleoperation.
Even when motion is on a relatively comfortable scale of several millimeters or centimeters, dexterity in MIS is often reduced by mechanical constraints. For example, in laparoscopic surgery, or MIS of the abdomen, long instruments inserted through 2-10-mm-diameter cannulas are constrained by the fulcrum where the cannula passes through the abdominal wall. This reduces possible motions to 4 degrees of freedom (DOF), greatly increasing the difficulty of performing dextrous movements, as in suturing or knot tying [5] . In flexible endoscopy of the colon or esophagus, flexion of the endoscope tip and manipulation are performed with an unintuitive array of knobs on the handle. In these situations, dexterity would be greatly improved with a teleoperated device with 6 DOF in the slave and intuitive control of the master (Fig. 1) .
Force, impedance, and hybrid force/position control problems are common in surgery, because of the compliance of tissue. When cutting, stiffness must be maintained normal to the cutting direction, while maintaining steady force in the cutting direction. Neurosurgeons placing clips on vessel malformations must control force on the clips while placing them. It is important to limit forces applied to tissue being retracted (held out of the way), even when it cannot be seen. While the parallel structure of the human hand and the wide range of cutaneous and kinesthetic sensors in the skin, muscle, and tendons allow it to elegantly perform many of these functions, the constraints of reduced access limit its ability [5] . Some of this ability would be restored by teleoperated systems with transparent force feedback, but it would additionally be possible to aid the human with a system that passively, or actively through feedback control, maintained force or stiffness constraints in constant or reprogrammable directions [6] .
2) Enhanced Perception: Much of the progress in MIS has occurred since the introduction of small charge-coupled device (CCD) cameras, making it convenient to obtain a video image from endoscopes with fiber optics or rigid lens trains. In fact, surgeons can now obtain close-up images of areas that could not even be seen directly before, because they were obscured from direct view in open surgery. The disadvantage of videoscopic surgery is that the image is usually twodimensional, has optical and perspective distortion, and has visual coordinates misaligned from the instrument coordinates [7] . By controlling the relative orientation of the endoscope and slave manipulator, as well as the display and master, it is possible to maintain good display-control correspondence. Of course, even with vision, it is impossible to see tumors or other lesions embedded within tissue. Data from miniature ultrasound sensors could provide this information, especially if filtered, registered, and displayed with the visual scene.
Surgeons detect hidden structures in conventional open surgery by feeling them. The pulse of an artery concealed in fat or the change in tissue consistency due to a lesion can be felt. The distribution of pressure when handling tissue gives clues to when the tissue might be damaged by excessive local stress. These sensations might be restored by a tactile sensor mounted on an instrument and a display giving a similar distribution to the surgeon's fingertips [8] , [9] . In the same way, a catheter or endoscope with an array of pressure sensors might permit threading the catheter along a path of least resistance, reducing the possibility of damage to the vessel or tube walls. These are all examples of applications for tactile feedback that could be provided by a micromanipulator.
3) Creating Access: Some regions of the body are currently inaccessible because of the limitations of passive devices. Current endoscopes cannot reach the middle 70% of the gastrointestinal tract, but a locomoting device might provide the flexibility to do so [10] . Similarly, the forces required to insert catheters into long, tortuous, or branching vessels can cause damage, but, with appropriate sensors and active flexion, these could be made safer [11] .
B. Remote Surgery
The other major need for mechatronics in surgery is remote telesurgery. Currently, if a patient in a remote area needs specialized care, he or she must be transported to another city or country where that care is available. If an expert's actions and senses could be effectively transmitted remotely, the patient would not need to undergo the risk of travel. Current minimally invasive instruments already act as passive "transmitters" between the surgeon and the "remote" environment inside the patient. Active micromechatronic devices would allow electronic transmission via existing communication and networking media to permit truly remote procedures [12] , [13] .
Of course, there are risks in telesurgery, especially if equipment failure could lead to situations that could not be handled by personnel available in the remote area. Often, however, a local surgeon has experience, but needs help in certain steps of a specialized procedure that is not encountered often. This is especially true now as techniques and treatment change rapidly with the introduction of new minimally invasive methods. When the advice of an expert is only necessary for particular steps of a procedure, telementoring is practical. In these situations, the expert need only have access to the information displayed to the local surgeon, such as video, imaging, force, or tactile displays, and limited ability to manipulate or demonstrate the necessary actions remotely. Telementoring has already been demonstrated in laparoscopic surgery, with the expert able to control the motion of the laparoscope held by a robotic manipulator [14] .
On the battlefield, an injured soldier often has only 30 min-1 h to survive before dying of blood loss. This period is often too short to find the soldier and transport him to a surgical unit where he can be stabilized. Battlefield surgical units mounted in armored vehicles have been proposed [15] . In order to protect valuable experienced surgeons, however, they would operate via telesurgery from a master located in a safe area. The battlefield units would only need a miniature operating room with slave surgical manipulators and staffed by medics. The soldier would be transported after stabilization. Similar units could have civilian application for trauma care.
III. APPLICATIONS
A. Laparoscopic and Thoracoscopic Surgery
Current laparoscopic needle holders, graspers, and other tools transmit a surgeon's hand motions by passive mechanics. As the instruments slide, twist, and pivot through the point at which they enter the body wall, they are 4-DOF manipulators. Consequently, the surgeon can reach points within a threedimensional (3-D) volume, but cannot fully control orientation. For simple tasks, this is not a major hindrance, but it makes complex skills, such as suturing and knot tying, extremely difficult. Also, the instrument handles are anchored with respect to the patient, and it is difficult for the surgeon to align the video display to the camera and instrument axes, resulting in misleading perspective cues.
To address these difficulties, the authors are designing multi-DOF endeffectors with an appropriate surgeon-machine interface to build laparoscopic manipulators that are more versatile and dextrous [16] , [17] . The complete telesurgical workstation will incorporate two robotic manipulators with dextrous manipulation and tactile sensing capabilities, master devices with force and tactile feedback, and improved imaging and 3-D display systems, all computer controlled. The goal is to design a system which is both highly dextrous and intuitive to use, allowing complex surgical operations to be performed with minimally invasive techniques. The workstation is a master-slave system, as in the concept shown in Fig. 1 . The fulcrum through each abdominal incision in the patient permits 4 DOF (three rotations plus in-out translation). These DOF can be actuated by an external slave manipulator outside the abdomen. In the current workstation, this manipulator is comprised of three linear joints, actuated by dc motors through lead screws, and a rotational joint at their intersection, driven directly by a dc motor (Fig. 2) .
The internal slave stage inserts into the abdomen through a 10-mm airtight cannula. The internal slave provides a 2-DOF wrist, so that 6 DOF of motion are possible in combination with the external slave (Fig. 3) . These 2 DOF (flex and roll) and the gripper are actuated by hydraulic bladders, using water or sterile saline solution as hydraulic fluid.
The surgical master, which has 6 DOF, is the primary interface between the surgeon and the laparoscopic surgery platform, providing force feedback. In this design, a com- mercial 4-DOF force-reflecting joystick device (Immersion Systems' Impulse Engine 3000) is extended with an additional 2 DOF and a stylus-like handle to be grasped by the user (Fig.  4) . Although the master can sense 6 DOF, force feedback is provided in only 4 DOF; moments about the instrument tip (except about the instrument axis) are assumed to produce negligible forces on the user's hand. In the future, the interface will include finger masters with a stereo tactile display unit.
In later sections of this paper, the actuation and tactile sensing/display capabilities of the workstation will be discussed as examples in greater detail. Detailed specifications of design and performance are described in [17] .
A similar system, although not laparoscopic in its initial implementation, was developed at SRI International [18] . A laparoscopic system is now being evaluated. Schurr et al. [19] modified a large-scale telemanipulator system to handle laparoscopic instruments and measured system performance over a remote communication link. This system was constrained to 4 DOF. Several groups have proposed and built innovative devices for access and manipulation in laparoscopy [20] - [24] . Ikuta et al. [25] developed a 10-mm-diameter hyperredundant endoscope driven by piezoelectric elements in each link, although the device was limited to a frequency response of less than 2 Hz.
Similar instrumentation could also be used for thoracoscopy, or MIS of the chest, including lungs and esophagus. An intriguing possibility is active instruments for coronary bypass procedures.
B. Gastrointestinal Endoscopy
Gastroenterologists use flexible endoscopes to inspect the colon or esophagus and to perform simple procedures like the removal of polyps. Current endoscopes are inserted by pressure on the outside length while the tip is steered with knobs on the handle. Because the insertion force is applied outside the body, buckling of the endoscope can occur, causing discomfort to the patient and sometimes perforating the tract [26] . Ikuta et al. [27] developed a hyperredundant steerable endoscope using shape memory alloy (SMA) actuation with water circulation to cool the actuators and speed response. The snake-like motion possible with the redundant tip was intended to make it easier to navigate the scope through the tortuous turns of the sigmoid and transverse colon. Sturges et al. [28] proposed a sliding mechanism, in which a flexible tube was advanced over a spine that could be alternately flexed and locked.
It is also desirable to permit locomotion into the small intestine, which represents 70% of the total length of the gastrointestinal tract. Slatkin et al. [10] are developing an endoscope which can locomote by wave-like expansion and contraction of segments that produce traction against the intestine wall ("inchworm" locomotion). So far, it has been demonstrated in animal surgeries. Carrozza et al. [29] use SMA valves to control pneumatic microactuators to produce similar locomotion.
Additional dexterity could also be provided with miniatureactuated manipulators mounted on the endoscope. Wendlandt et al. [30] demonstrated a platform driven by three tendons actuated by dc motors capable of 90 deflections and a 50-ms step response.
C. Active Catheters and Vascular Surgery
Vascular abnormalities in the brain, including aneurysms, or dilation and weakening of artery walls, can produce hemorrhagic stroke. Currently, they are treated by inserting a narrow catheter into an artery in the groin, which is threaded up into the vessels of the brain. The progress of the catheter is seen on video X-ray images. Tiny sponges or coils are inserted to produce clotting to occlude the aneurysm [11] , [31] . It is difficult and dangerous to steer the catheter through tortuous vessels and branches, however, and there is very limited capability to manipulate objects.
The small size (less than 2 mm, including working channel) requirement and the need for large deformations make the choice of actuator technology for steerable catheters a challenging one. Some designs propose SMA's [32] , [33] , but cooling and resulting slow response problems are limiting factors. Recent work shows the promise of conducting polymers [34] , [35] . Miniature grippers have also been proposed to allow manipulation of small structures for placement in vessels [36] . Thin-film deposition of SMA's on silicon can produce microgrippers capable of large forces. Because of efficient cooling of thin films, these are also capable of very fast response.
D. Microsurgery and Soft Tissue Surgery
Microsurgical applications including procedures on the retina, middle ear, brain, and spinal cord, as well as reconstruction of nerves and vessels in the hand, require precision and dexterity near or beyond human limits [4] . Teleoperated systems could scale hand motions downward to the 1-10-m range, filter tremor, and magnify tool forces as displayed to the surgeon. Several research systems have been developed for microsurgery [37] - [42] . These have been macro-scale systems targeted primarily for the eye, which is easily accessible. Applications in ear surgery and neurosurgery may require smaller scale or redundant devices to reach difficult areas, which will depend on advances in microactuator technologies. Some significant procedures also require delicate interaction with soft tissue on a slightly larger scale. For example, Brett et al. [43] have developed a tool and model for controlled microdrilling of the stapes in the middle ear as part of the stapedectomy procedure. Position, feed force, and drilling torque are fed back and compared to the model to predict breakthrough of the drill.
IV. ACTUATION
Because excellent reviews of actuator technologies are available (e.g., [44] - [48] ), their detailed characteristics will not be covered here. Instead, some of the particular requirements of applications in surgery and the methods that have been used in some implementations will be discussed.
Although many minimally invasive applications require micro-scale actuation, some allow larger remotely located actuators. For example, because the eye is easily accessible, relatively large manipulators can be used, even though the position resolution of these systems must be on the order of tens of microns or smaller. Hunter et al. [37] developed a system for eye surgery using direct-drive electromagnetic actuators, while Jensen et al. [38] , Kozlowski et al. [39] , and Schenker et al. [41] used dc motors to drive preloaded ball screw, cable, and hydraulic transmissions, respectively, without backlash. Some groups have developed macro-micro-scale positioners, including Yan et al. [42] with Lorentz magnetic levitation actuators and Mitsuishi et al. [40] with stepper motors for angular position and hydraulic linear actuators for fine motion.
A major issue in the design of precise actuators and transmissions is backdriveability. While high reduction ratios and preloaded transmissions can improve positioning precision and eliminate backlash, they also create a high mechanical output impedance, which places greater demands on the forcetorque sensor and control algorithms, in order to accurately servo force or permit stable and transparent force feedback in teleoperation. Direct-drive actuation in a parallel kinematic arrangement maximizes backdriveability and reduces friction and backlash [37] , [42] , but limits the manipulator workspace, especially in orientation.
Hydraulic, pneumatic, and cable-driven systems allow highpower transmission from external actuators to small manipulators inside the patient. Hydraulic systems permit relatively large forces, but fluid incompressibility gives them a high (and nonlinear) output impedance. Pneumatics are more compliant, but the lower system pressure produces lower resultant forces in small devices. Cables allow compact transmission, but must be designed carefully to reduce unwanted compliance, friction, and backlash, and to avoid coupling between axes [41] .
The authors' system for laparoscopic surgery provides an example of both external actuation and transmission to millimeter-scale mechanisms inside the patient [16] , [17] . Dexterity in laparoscopic surgery is reduced, because only 4 DOF (three rotations plus in-out translation) are permitted through the fulcrum at the incision through which instruments are inserted. The slave manipulator in this system adds 2 additional DOF inside, plus active grasping. Both cable-and hydraulically driven actuation have been implemented for the internal axes; the hydraulic version is shown in Fig. 3 . The two systems are now being compared for performance and fidelity in the bilateral transmission of human and environment impedances. The 4 DOF possible through the fulcrum are controlled by external dc motors in a parallel arrangement (Fig. 2) .
Different actuators become preferable at scales less than a few millimeters, for surgical applications, most notably SMA and polymer actuators [46] . Both SMA and polymers permit fairly large strains, making them suitable for applications such as catheters, where bending is significant. SMA actuators are capable of very large stresses, making them ideal for microgrippers that must generate large forces. Unfortunately, both SMA and polymers have relatively slow response times; Hunter and Lafontaine [48] estimate strain rates of 3 and 1 s , respectively. Cooling of SMA is much more efficient at micro scales as the surface-to-volume ratio improves, however. Krulevitch et al. [36] claim switching rates in the 100-Hz range for thin-film SMA.
V. SENSING AND DISPLAY
A. Force and Taction
Force sensing is important to determine if a device has contacted the environment and to control or limit the contact force. Although, for a fully dextrous device, it is desirable to measure forces and torques on all six axes, for graspers and simpler manipulators, fewer will be adequate [23] . The problems of displaying force to the surgeon are the same as actuation and control of force at the slave manipulator described above. It is also possible to use sensory substitution of visual or auditory feedback proportional to the sensed force [40] . This does not permit the energy exchange between the surgeon's hand and tissue possible with bilateral force feedback, which allows the mechanical impedance of either side of the teleoperator to be felt at the other.
The vast majority of haptic systems allow interaction only through a single net force, not through the spatially distributed set of forces measured by cutaneous mechanoreceptors. While a single net force provides clues as to the overall stiffness of the environment, it makes it quite difficult to find and distinguish local shape or hardness variations. Tactile sensation is extremely important in open surgery to allow the surgeon to feel structures embedded in tissue. Important vessels and ducts are usually shrouded in connective tissue; their presence must be felt, rather than seen, to avoid damage.
A teletaction system comprised of a remote tactile sensor in the patient and a local tactile display transmits this information to the surgeon [49] - [51] (Fig. 5) . At the University of California, Berkeley, technology has been developed for capacitive-based tactile sensing arrays in planar and cylindrical geometry [52] , [53] . The normal strain-sensitive elements have a raw sensitivity (dependent on contact area) of less than 1000 Pa, bandwidth of 100 Hz, 7-b resolution, and, typically, an 8 Fig. 5 . Stereoteletaction. To improve signal-to-noise ratio, two tactile sensors can be used in combination to probe elastic media. Relative motion of the fingers across the object can be used to distinguish changes in elasticity, and extract subsurface features. By tracking feature motion in both fingers, it should be possible to obtain better estimates of the depth, hardness, and shape of inclusions in the media. 8 array of elements on a 2.5-cm-diameter finger. Using silicon surface micromachining techniques, a tactile sensor for the end of a catheter, with 125-m element spacing has also been developed [54] (Fig. 6) . Capacitive tactile sensing technology is a mature technology with good linearity, good signal-tonoise ratio, relatively low hysteresis, and flexible geometry. The main research issues to be resolved for the tactile sensor design are packaging to protect tissue and the sensor and cabling to bring signals out of the body without interfering with the range of motion of the millimanipulator. Related work is being carried out by research groups at Harvard [8] , [50] , and Karlsruhe [55] .
The mapping from the properties of embedded structures to surface pressures on contact is complex, however, and likely inexact. It is necessary to develop finite-element models of surface pressures resulting from a finger contacting tissue and present them using the tactile display. An important research goal is determining, based on human sensory processing capabilities [56] , what needs to be presented at the finger tip to create a realistic, or at least plausible, representation of contact with a soft surface. 
B. Vision and Imaging
Visual data is relatively easy to obtain through fiber optics or endoscopes with rigid lens trains and CCD cameras. The primary difficulty is that the coordinates of the visual image may not correspond to manipulator axes. By controlling the relative orientations of the endoscope and slave manipulator, as well as the display and master, it is possible to maintain good display-control correspondence. This has been demonstrated by Hill et al. [18] in an open surgical system by matching the (fixed) locations of these components as closely as possible to the normal eye-hand axes. It might be expected that using a stereoscopic imaging system would greatly improve performance, but this has not been the case with commercial laparoscopic systems to date [7] . It seems that this is because movements in three dimensions are initially open loop with closed-loop corrections [57] . Geometric distortions are at least as significant as the loss of binocular disparity as a depth cue in planning the initial movement phase.
Of course, even with vision, it is impossible to see tumors or other lesions embedded within tissue. Data from miniature ultrasound sensors could provide this information, especially if filtered, registered, and displayed with the visual scene. Fuchs et al. [58] have demonstrated this for open breast biopsy. For rigid structures like bone, or for the brain, which is constrained by the skull, previously obtained CT or magnetic resonance (MR) images can be reconstructed in three dimensions and superimposed on visual images with registration using markers, feature matching, and/or robotic devices [3] . When soft tissue is unconstrained, like the lung or liver, it will be much more difficult to estimate the location of lesions from previous images in deformed tissue. However, it is often possible to use fluoroscopic and CT imaging during a procedure, for example, to guide catheters in interventional radiology vascular techniques. Open-magnet MRI is being developed, allowing access to patients during imaging.
VI. CONTROL AND SYSTEMS
A. Control
Some large-scale applications of robotics in surgery require the robot to act with a degree of autonomy. For example, in image-guided applications, such as machining the head of the femur to accept a prosthetic hip joint, the robot precisely follows a preplanned path, much as in computeraided machining processes [3] . Micro-scale applications are more likely to act on soft tissues. Predicting the motion of soft tissues is beyond the current state of the art, however, so it is difficult in most situations for a robot to plan or use sensorguided actions autonomously. Consequently, most currently conceived micromechatronic applications are telerobotic.
Although control algorithms for teleoperation with force feedback have existed since the 1950's and been refined for applications in space, undersea, and nuclear waste disposal, most research has emphasized issues of stability and transparency in contact between rigid manipulators and solid objects. Fidelity in transmitting interaction forces and the mechanical impedance of tissue is desirable, so that fragile tissue is not damaged and changes in tissue consistency can be felt. Very little work has been done to measure tissue properties and changes in impedance with lesions, such as tumors, or to understand how humans use the wide array of cutaneous and kinesthetic sensing mechanisms to perceive these changes. Although force feedback algorithms may be optimized for accurate transmission of remote impedance [59] , it may be desirable to provide enhancement or perhaps impedance amplification to maximize the user's perceptual capabilities.
Time delay will be a significant factor in remote surgery, especially if satellite data transmission is necessary. Stability is a major problem in force feedback with time delay. Algorithms based on passivity that preserve stability have very poor fidelity with large delays [59] . In some applications, supervisory control, in which the robot acts autonomously for periods under the supervision of the surgeon, could solve delay problems [60] . Unfortunately, as mentioned above, autonomy can imply the need for modeling, sensing, or prediction of tissue behavior for the robot to execute preplanned actions [61] . Some straightforward behaviors, such as locomotion of an endoscopic manipulator, could be executed with the surgeon being able to stop or alter the robot's course when necessary, however.
B. Systems Aspects
Although some micromechatronic applications in surgery are in the early stages of conception and research, many are approaching development and application. As an idea comes closer to being a system in the operating room, understanding how it will be used becomes essential. In the era of cost reduction in medicine, the total cost of obtaining and using technology is of great importance to surgeons and the hospital administrators who buy the equipment. It is often extremely difficult to show that a new device performs better than an existing device, because outcomes must be measured in animal and human trials, where many confounding variables exist. Consequently, new technology often must be proven to be less expensive in order to compete. Since robotic devices may be more expensive to manufacture than passive instruments, savings must be demonstrated in total patient care, including efficiency in the operating room (which can also be extremely difficult to measure) and shorter hospital stays.
It is also important to realize that technology is only a tool for the people responsible for a patient's health. If a device is too difficult to use or maintain, or if its improper use by untrained, fatigued, or harried staff can lead to complications, it is unlikely to be used. Sometimes, technology that seems like the obvious solution to a problem is not as effective as was hoped. For example, it would seem that stereoscopic endoscopes and displays would be more effective than monoscopic systems. Despite some positive performance data from commercial stereo systems [62] , several research groups have shown them to provide little performance benefit [7] , [63] , [64] , and their greater expense and complexity have prevented their adoption by surgeons. Improving viewing geometry by proper placement of the video monitor in the operating room may provide a solution as effective as these systems.
Safety is, of course, a critical issue in surgical systems. Davies [65] has reviewed many of the factors that should be considered to minimize risk to the patient (or the surgeon) and gives guidelines for the design of safe systems. System design practices include redundant sensors, hardware and software checks, and a simple user interface. As much as possible, the system should be designed to have passive constraints or limits that cannot be defeated by the failure of active components or software. These include kinematic constraints to restrict motion to a safe region and actuator force capabilities that do not exceed task requirements.
A major difficulty in designing safe surgical systems is the lack of good data on soft tissue behavior. Without adequate mechanical models and experimental data, it is difficult to establish bounds on safe system performance. The needed data includes not only the immediate damage to tissue, but also trauma over time as the body responds to injury [66] . Understanding tissue behavior and the body's responses will be as important an engineering problem as the design of the surgical devices.
VII. CONCLUSION
Exciting micro-scale actuator and sensor technologies are being introduced and developed at a rapid pace. There are clear needs for improved technology in MIS. This paper has given an overview of many of the problems and the solutions that are being explored. It is hoped that the reader has come to realize that the solutions require the development not only of new devices, but of whole systems that extend human capabilities to perform procedures with less risk and trauma to the patient.
